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Sources of intense, ultra-short electromagnetic
pulses are enabling applications such as attosec-
ond pulse generation, control of electron motion
in solids and the observation of reaction dynamics
at the electronic level. For such applications both
high-intensity and carrier envelope phase (CEP)
tunability is beneficial, yet hard to obtain with
current methods. In this work we present a new
scheme for generation of isolated CEP-tunable in-
tense sub-cycle pulses with significant spectral
power from mid-IR to UV. It utilizes an in-
tense driver laser pulse which drives a wake in
a plasma, co-propagating with a long-wavelength
seed pulse. The moving electron density peaks
of the wake amplify the seed and form sub-cycle
pulses. Controlling the CEP of the seed pulse
or the driver-seed delay leads to CEP-tunability,
while frequency tunability can be achieved by ad-
justing the laser and plasma parameters. Our
2D and 3D Particle-In-Cell simulations predict
laser-to-sub-cycle-pulse conversion efficiencies up
to 1% suggesting the possibility to create tens of
mJ strong sub-cycle pulses.
Electromagnetic pulses containing one single oscilla-
tion of the electromagnetic field are unique tools for the
investigation and exploitation of non-adiabatic phenom-
ena. One of the most prominent examples is the gen-
eration of attosecond pulses in which every electromag-
netic cycle of the driver pulse produces one attosecond
pulse [1, 2]. Thus, in order to produce an isolated at-
tosecond pulse sub-cycle drivers are of interest. The ef-
ficiency of the process depends on the carrier envelope
phase (CEP) of the driver pulse [3]. Moreover, an in-
tense driver is particularly useful since it can produce
even shorter (e.g. zeptosecond) pulses. Isolated sub-
cycle pulses with both CEP-tunability and high energy
are very attractive not only for attosecond pulse gen-
eration, but also many other applications in solid-state
physics [4, 5] and nano-engineering [6]. Therefore, de-
veloping methods to obtain isolated CEP-tunable high-
energy sub-cycle pulses is an active field of recent re-
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search. At present, sub-cycle energies obtained by para-
metric amplification methods are limited to the µJ level
due to material damage thresholds [7]. Plasma based
methods, which are scalable even to relativistic inten-
sities, offer hope to resolve this issue. In the context
of attosecond pulse generation in the XUV regime, sev-
eral techniques have been developed in order to produce
isolated pulses, for example polarization [8–10] or inten-
sity gating [11–14] and exploitation of wavefront rota-
tion [15, 16]. More recently, plasma-based methods have
been proposed to generate longer wavelength, e.g. mid-
IR, single and sub-cycle pulses. We have shown that
electron beams can be used to generate intense sub-cycle
pulses by amplifying a seed pulse at a mirror foil [17].
Another technique to generate infrared, near-single-cycle
pulses based on laser frequency down-conversion which
is known to appear in laser-driven wakefields has been
proposed in [18]. However, all these plasma-based tech-
niques are either not CEP-tunable or require a control-
lable CEP-stable high-intensity laser, which is technically
challenging.
In this article, we demonstrate that isolated CEP-
tunable intense sub-cycle pulses can be created dur-
ing a frequency up-conversion process which we refer to
as laser-wakefield driven amplification (LWDA). To this
end, we propose to inject a CEP-stable long-wavelength
seed pulse of relatively low intensity in co-propagation
with a high-intensity, not necessarily CEP-stable, driver
laser pulse into a gas jet. The driver pulse ionizes the
gas already at its rising edge and creates a plasma.
Due to the ponderomotive force, the high-intensity laser
pulse (driver) pushes the plasma electrons forward and
sideways, leaving the heavy ions back. This creates a
charge separation force which leads to plasma oscilla-
tions behind the laser pulse. These wakefield oscilla-
tions [19, 20] are strongly anharmonic for sufficiently in-
tense drivers and form electron density spikes after each
oscillation period. In the highly non-linear regime, the
first electron density spike is most pronounced. In the
scheme proposed here, this electron density spike moves
close to the speed of light and amplifies the seed pulse
leading to intense sub-cycle pulse generation (see Fig. 1)
as will be detailed below.
This paper is organized as follows: First, we detail
the origin of the amplification process and corroborate it
by a 3D Particle-In-Cell (PIC) simulation. Second, we
show how to tune the CEP of the generated sub-cycle
pulses by means of computationally less demanding 2D
simulations. Third, we focus on the scalability of the sub-
cycle pulse strength with various parameters, including
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FIG. 1. (a) Illustration of LWDA using a 3D particle-in-cell simulation (see METHODS for details), (b) a cross-section of
the amplified seed electric field Ez in the xy-plane with contour lines of the electron density ne(x, y) = 0.15 maxne (dashed
lines) and the laser electric field Ey(x, y) = maxEy/4 (solid lines), (c) on-axis electric field of the sub-cycle pulse 8 µm past
the exit of the gas-jet and (d) the corresponding spectrum. The simulation parameters are E0,L = 100 GV/cm, λL = 0.8µm,
t0,L = 9.8 fs, φL = 0, r0,L = 4.2µm, E0,S = 4 GV/cm, λS = 4µm, t0,S = ∞ (CW), φS = 0, r0,S = 5µm, ne = 4.5 · 1019cm−3,
Lp = 23µm (see METHODS for details).
the plasma density as well as the driving laser and seed
pulse strength.
RESULTS
When a high-intensity laser pulse enters a gas-jet, it
creates a wakefield which contains electron density spikes
moving with almost the speed of light. Such a non-
stationary electron density structure can amplify a co-
propagating electromagnetic field. The energy density
gain Ugain of this electromagnetic field at any given point
in space is described by [17]
Ugain(t) =
q2e
2me
t∫
−∞
A2z
∂
∂τ
(
ne
γe
)
dτ , (1)
where qe and me are the electron charge and mass re-
spectively, Az is the transverse vector potential given by
Ez = −∂tAz, Ez is the electric field of the seed, ne is the
electron density and γe the gamma-factor of the electron
fluid which is assumed to be cold (see METHODS for de-
tails). If the seed pulse is sufficiently weak, then ne and
γe are determined by the driving pulse only and are in-
dependent of Az. According to Eq. (1), the rising edge of
the ne/γe profile leads to amplification and the descend-
ing edge to depletion. In a laser-driven wakefield, if Az
oscillates fast compared to the moving electron density
spike, then loss and gain almost compensate each other.
By contrast, if Az changes slowly, a significant net en-
ergy gain is possible. This implies a requirement to our
scheme: the wavelength of the seed pulse needs to be
longer than the length of the amplifying electron density
spike in the wakefield.
In the following, we demonstrate the sub-cycle pulse
generation by means of a 3D PIC simulation (see Fig. 1).
A y-polarized driving laser pulse and a z-polarized seed
pulse are injected to propagate along the x direction
and are defined by their transverse electric field com-
ponents Ey,L and Ez,S, respectively, at the entrance of
the gas-jet (see METHODS for details). We consider
a 39 mJ, 10-fs-long, 800-nm driver pulse with a 2.5-
µm focal spot. This corresponds to peak electric field
E0,L = 100 GV/cm or normalized peak vector poten-
tial a0,L = qeA0,L/mec = 2.5 (a pulse is relativistic if
a0,L & 1). The seed pulse is considered to be moderately
intense (E0,S = 4 GV/cm), with 4-µm and a 5-µm focal
spot, in the continuous wave (CW) approximation. To
model a gas-jet of length Lp, we assume a plasma with
fixed ions and moving electrons with electron density ne.
As visualized by Fig. 1(a), the first electron density
spike of the wake behind the laser pulse amplifies the
seed pulse and forms a sub-cycle pulse. The second and
subsequent electron density spikes also create sub-cycle
pulses [see Fig. 1(b)]. However, these have an inten-
sity more than one order of magnitude below that of
the leading pulse which is amplified by the dominant
electron density spike. The maximum electric field of
this pulse is increased by a factor of 16 compared to the
initial electric field amplitude and reaches electric field
strengths which are enough to accelerate the plasma elec-
trons above 10% of the speed of light. Such a relativistic
sub-cycle pulse deforms the electron density in the wake-
field from its usual cylindrical symmetry and introduces
an asymmetry which can be seen in Fig. 1(b). By con-
trast, as we will demonstrate, weaker seed pulses lead
to non-relativistic sub-cycle pulses which almost do not
perturb the wakefield structure. The sub-cycle pulse ex-
its the plasma and has an ultra-broad spectrum which is
peaked around 260 THz (1.2µm), that is 3.5-times larger
than the central frequency of the seed [see Fig. 1(c,d)]
and an intensity FWHM duration of ∼ 3 fs or 0.8 cycles.
The frequency up-shift is primarily caused by the short
length/duration of the amplifying electron density peak
and should not be confused with the “photon accelera-
tion” mechanism [21–25] which occurs when a many-cycle
pulse is frequency up-shifted by a moving electron den-
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FIG. 2. Results of 2D PIC simulations using a weak seed pulse with E0,S = 0.04 GV/cm: (a) electron density with contours
at ne(x, y) = maxne/3 (dashed lines) and contours of the laser electric field Ey(x, y) = maxEy/4 (solid lines), (b) amplified
seed electric field Ez with electron density contours, (c) on-axis electric fields of the amplified sub-cycle pulses after the
interaction for different seed CEPs φS and their common envelope (gray line), (d) corresponding power spectrum and (e) spectral
phase, (f) plasma-length Lp dependency of the sub-cycle pulse energy. The simulation parameters (other than E0,S) are the
same as for Fig. 1.
sity up-ramp which changes slowly compared to the seed
pulse duration. Here we considered a relatively short, 3-
cycle driver pulse in order to spatially separate the latter
from the density spike and to show that the amplifica-
tion process is not due to a parametric process such as
stimulated Raman scattering [26]. However, the only re-
quirement on the pump pulse is that it drives a wake with
a pronounced spike in the first period. Finally, note that
LWDA is distinct from the formation of optical bullets
in laser-wakefield acceleration, which occur when a high-
frequency probe (twice the driver frequency) is trapped
inside the plasma density depression (bubble) created by
the driver laser [27].
In the following we continue with 2D PIC simulations
to reduce computational costs and perform an extensive
parametric study, in order to determine the regimes of
optimal interaction. As a reference case we take the sim-
ulation of Fig. 2(a), in which the parameters are the same
as in Fig. 1, except from the fact that we use a low ampli-
tude seed. The electron density in Fig. 2(a) remains sym-
metric and the wake remains almost uperturbed by the
seed pulse. The electric field in Fig. 2(b) reveals a max-
imum amplification by a factor of 19. As will be shown
below, for low enough initial seed amplitudes this amplifi-
cation factor remains constant with respect to the initial
seed amplitude. The sub-cycle pulse [see Fig. 2(c)] has an
ultra-broad spectrum which is peaked around 520 THz
(0.6µm), that is 7-times larger than the central frequency
of the seed [see Fig. 2(d)], while its intensity FWHM du-
ration is 0.53 cycles.
In order to tune the CEP of the sub-cycle pulse, it is
sufficient to change the CEP of the many-cycle seed pulse
or to delay it with respect to the laser pulse. Figure 2(c)
presents the on-axis electric field shapes after the inter-
action using four different seed pulse CEPs shifted by a
value of pi/4. It can be seen that the sub-cycle pulse en-
velopes remain the same. Also the power spectra of the
pulses are in all four cases equal [see Fig. 2(d)]. How-
ever, the phases of the sub-cycle pulses are shifted by a
value of pi/4, exactly the same as for the seed. This is
shown in the frequency domain by presenting the spec-
tral phases in Fig. 2(e). Besides the variation of the seed
CEP, a delay of the seed pulse with respect to the driv-
ing laser pulse can be used to tune the seed pulse CEP.
This is possible for sufficiently long seed pulses, where
the variation of the CEP and the delaying lead to al-
most the same seed-pulse up to a small difference which
decreases with 1/(ωSt0,S). Additional simulations show
that the sub-cycle phase is not sensitive to variations in
the driver laser pulse duration or energy of up to 20%,
making such a control strategy viable.
According to Fig. 2(f) which shows the sub-cycle pulse
energy Eout versus the gas-jet length Lp, the amplification
takes place during the first 30 µm of propagation dis-
tance. For longer propagation, relativistic self-focusing
of the laser pulse leads to bubble lengthening and wave-
breaking of the wake [28–30] and amplification ceases.
This process leads to a slight lengthening of the sub-cycle
pulse. Therefore, in order to obtain a pulse of as short
duration as possible, the optimal amplification distance
for the parameters of Fig. 2 would be 30 µm. Never-
theless, the total propagation distance in the gas-jet can
be much longer, since the sub-cycle pulse propagates al-
most unperturbed within the elongated bubble, where
the electron density is close to zero, until it is guided out
of the gas-jet. Therefore, the essential restriction in the
gas-jet length that could be utilized would be approxi-
mately the pump depletion length Lpd ∝ a0,Lλ3p/λL [20],
where λpe = 2pic/ωpe is the electron plasma wavelength
and ωpe =
√
n0 q2e/me 0 is the plasma frequency. For
the present parameters, our simulations show that the
pump is unable to drive a bubble after about 200µm of
propagation.
4Different optimization strategies could be followed in
order to increase the optimal amplification distance, for
example by adjusting the driving laser pulse focusing pa-
rameters in order to control self-focusing [28]. A sim-
pler strategy, which we will follow here, is to incrase the
optimal amplification distance by decreasing the plasma
density. At the same time, the scaling of Lpd with the
density suggests that this would also allow longer gas-jets
to be used.
In order to scale the method to different densities we
observe that for a given driving laser amplitude a0,L,
the interaction is determined by the ratio of the laser
wavelength λL to the plasma wavelength λpe = 2pic/ωpe,
which is in turn determined by the ratio of the electron ne
density to the critical density nc, where nc = 0meω
2
L/q
2
e .
Here we fix the laser wavelength to λL = 0.8 µm and
vary ne/nc, while we scale all other parameters in pro-
portion to the plasma wavelength (see METHODS). In
particular we take λS = 0.8λpe for all cases. This way
we ensure propagation of the seed, ωS > ωpe, while
at the same time the seed wavelength is longer than
the electron skin depth, λS > c/ωpe = λpe/2pi, which
can be taken as an approximation of the density spike
characteristic length. The gas-jet length is taken to be
Lp = 6λpe and the results are shown in Fig. 3(a). We
observe that the amplification factor is optimized for
ne = 4.5 · 1019 cm−3 ' 0.026nc (corresponding to the
example studied in Fig. 2). For higher densities, the am-
plification factor decreases. Our simulations show that
this is because of more efficient self-focusing at higher
densities, which leads to early wavebreaking. For lower
densities, on the other hand, self-focusing proceeds more
slowly and wavebreaking does not occur within the dura-
tion of the simulations, as one would expect based on the
scaling of the critical power for relativistic self-focusing,
Pc(GW) = 17.4ω
2/ω2pe = 17.4nc/ne [20]. However, the
amplification ratio is lower at lower densities, since the
first density spike contains less charge.
While that may seem to imply that the process be-
comes inefficient at lower densities, there is still potential
for optimization in this regime before reaching the wave-
breaking threshold. This optimization is illustrated for
the lowest density case, n0 = 0.001nc = 1.7 · 1018cm−3,
in Fig. 3(b) where we vary a0 for two values of the gas-jet
length Lp = 6λpe ' 150µm and Lp = 12λpe ' 300µm.
We observe that the amplification factor can be increased
by increasing a0 up to approximately a0 = 3.5, while
for higher a0 the process is again limited by wavebreak-
ing early during the interaction. For a0 = 3.5, wave-
breaking occurs for a gas-jet length of approximately
18λpe = 480µm [square symbol in Fig. 3(b)], which is the
optimal interaction length for these parameters, leading
to an amplification factor of ∼ 27. Note that in our para-
metric study the driver laser pulse duration and waist
scale with λpe and thus its energy scales as λ
3
pe or n
−3/2
e .
For example, the a0 = 3.5 case in Fig. 3(b) corresponds
to a pump duration of 50 fs and an energy ∼ 10 J, focused
to a waist of ∼ 21 µm.
Up to this point, seed pulses were modelled in the CW
approximation, however finite duration seed pulses with
Gaussian envelopes can also be used. This is demon-
strated in Figure 3(c), which shows the sub-cycle field
strength scaling versus the seed pulse duration. The am-
plified field strength reaches saturation for seed pulses
longer than ten cycles, while even pulses as short as two
or three cycles lead to amplification by a factor of more
than ten. Similarly, we present in Fig. 3(d) the scaling
of the amplification factor as a function of the seed beam
waist r0,S . While in most of our simulations we used
tightly focused seed beams, with r0,S = 1.2λS = 5µm, in
order to keep the computational domain as compact as
possible, Fig. 3(d) shows that increasing the beam waist
leads to enhanced amplification. The growth of the am-
plification factor grows up to r0,S ∼ 5λS = 20µm, beyond
which it converges to approximately maxEoutz /E0,S =
25. Therefore, we see that the method is very flexible in
terms of both seed pulse duration and waist. This eases
temporal and spatial overlap requirements, since one can
work with a relatively long and wide seed. The main re-
quirement on the seed is that its wavelength is longer and
focal spot wider than the characteristic length ∼ c/ωpe of
the density spike. To put things on perspective, for pump
and plasma parameters of Fig. 1, a λS = 4µm seed of
duration 100 fs, focused to a waist of 20µm would cor-
respond to an energy of ∼ 19 mJ, which is within reach
of optical parametric amplification [31]. On the other
hand, optical rectification and difference frequency gener-
ation could be used to provide intense seeds of frequency
∼ 15 THz (20µm), as required for the lowest density case,
ne = 1.7 · 1018cm−3 studied in Fig. 4(b).
For not too strong seed electric fields the 1D model
which is presented in METHODS suggests a linear scal-
ing of the sub-cycle electric field amplitude with the
seed electric field amplitude. Our 2D PIC simulation
results which are presented in Fig. 4(a) confirm this pre-
diction up to weakly relativistic seed pulse amplitudes.
To judge how relativistic the seed and sub-cycle pulses
are, this figure contains, besides the maximum electric
field strengths in SI units, the field strength scaled with
the relativistic electric fields Eλr = 2pic
2me/(qeλ) which
characterize for a given wavelength λ the field strength
at which a free electron would be accelerated to almost
the speed of light. For this normalization, we chose the
central wavelengths of the seed and sub-cycle pulses cor-
respondingly. Figure 4(a) reveals that using weakly rela-
tivistic seed pulses (ain0 = maxE
in
z /E
λ
r ∼ 0.1), weakly
relativistic sub-cycle pulses (aout0 = maxE
out
z /E
λ
r ∼
0.25) can be obtained. The sub-optimal scaling for
ain0 > 0.1 is caused by the distortion of the wake by
the generated intense sub-cycle pulse. In this case, the
wake electrons loose a substantial fraction of their en-
ergy to the seed pulse and ne/γe in Eq. (1) cannot be
considered as independent from the sub-cycle electric
field Ez anymore. Figure 4(b) presents the laser-to-sub-
cycle-pulse conversion efficiency η reaching about 1% for
ne = 4.5 ·10−19cm−3. For low density plasmas, efficiency
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FIG. 3. Peak electric field of the sub-cycle pulses normalized to the seed electric field depending on (a) electron density, (b) nor-
malized electric field amplitude, aL, of the driving laser for ne = 0.001nc and two different values of the plasma length Lp, and
(c) the seed pulse duration normalized to the seed carrier period Ts = c/λs. The other parameters are the same as in Fig. 2,
except in (a), for which all geometrical parameters (pump waist, gas jet length, etc) and seed wavelength have been rescaled
in proportion to the plasma wavelength, see METHODS.
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FIG. 4. (a) Peak electric fields of the sub-cycle pulse and
(b) conversion efficiency dependence on the peak seed electric
field. The remaining parameters of the 2D PIC simulations
are the same as in Fig. 2. In (a) two scales are provided: one
in SI units and another in relativistic units demonstrating
the generation of relativistically strong sub-cycle pulses. In
addition, the dashed lines present the scaling as expected for
an undepleted plasma for weak seed pulses.
is limited to 0.1% since for longer seed wavelengths, rela-
tivistic intensities which perturb the wake are reached at
lower seed pulse energies. Nevertheless, even this lower
conversion efficiency suggests the generation of 10-mJ-
strong sub-cycle pulses when using a 10-Joule-class laser
driver.
When considering the previous dependencies, we did
not discuss the change of the sub-cycle pulse shapes and
spectra. As will be shown in the following, those are
tunable with the driving-laser field strength aL and elec-
tron density ne. The larger aL and ne, the more narrow
are the amplifying electron density spikes which natu-
rally leads to shorter sub-cycle pulses and thus to higher
frequency components in their spectra. Both, the cen-
tral wavelength and the frequency extent, can be tuned
as shown in Fig. 5. Reducing the electron density (keep-
ing all other parameters fixed) shifts the sub-cycle pulse
central frequency towards the Mid-IR, while increasing
the density shifts it towards the UV [see Fig. 5(c)]. By
using more intense driving laser pulses, we can introduce
higher spectral components in the spectrum. However
due to the breaking of the amplifying electron density
peak above aL = 3.5, this tuning is limited.
The spectra of the sub-cycle pulses presented here are
ultra-broadband and their interpretation requires some
care. To this end, we apply spectral filtering to one of the
sub-cycle pulses that were generated in the low density
regime ne = 0.001nc, for which the spectrum lies mostly
in the mid-IR. We show in Fig. 6 that using a bandpass
filter (see Methods) to retain approximately 2.3 octaves
between 2µm and 10µm is sufficient in order to reproduce
the sub-cycle spectrum and pulse shape. This should be
within the range of optical setups through which sub-
cycle pulses have been measured recently [32], so that
measurement and characterization of mid-IR sub-cycle
pulses generated by our scheme should be possible.
For the high-intensity case of Fig. 5(c), for which the
spectrum has a tail that extents to the UV, we use two
different bandpass filters to isolate different spectral re-
gions, as shown in Fig. 6(b,d). The first filter retains
wavelengths between 0.3µm and 2µm; the associated
pulse [red, dotted line in Fig. 6(b)] has comparable du-
ration and a peak field at a level of about 60% of the
original pulse. More interestingly, even when retaining
only the spectral range that lies within the ’tail’ of the
pulse from λ1 = 120 nm up to λ2 = 400nm, we observe
that we can still obtain a sub-cycle pulse with a spectrum
that lies in the UV and peak field at a level of 55% of the
pulse obtained when retaining the full bandwidth.
DISCUSSION
In summary, we have proposed a scheme for generation
of isolated CEP-tunable intense sub-cycle pulses by laser
wakefield driven amplification of a seed electromagnetic
pulse. The CEP of the seed pulse can be used to tune
the CEP of the sub-cycle pulses. We have demonstrated a
linear scaling of the sub-cycle pulse energy with the seed
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pulse energy up to relativistic intensities. Our Particle-
In-Cell simulations reveal conversion efficiencies up to 1%
suggesting the scalability of sub-cycle pulse energies up
to 10 mJ for Joule-class driving laser pulses. The sub-
cycle pulse duration can be tuned by varying the driver
intensity and the background plasma density, while its
central frequency is adjustable from mid-IR to UV.
METHODS
Theoretical model
In the plane wave framework, the conservation of
the transverse canonical momentum establishes a sim-
ple relation between the transverse electron fluid mo-
mentum pz which is linked to the transverse current
7Jz = (qe/me)pzne/γe and the transverse vector poten-
tial Az defined by Ez = −∂tAz:
pz = −qeAz/c . (2)
On the one hand, this expression can be used with
Maxwell’s equations to derive the evolution equation for
the vector potential [17, 33]
(
∂2t − c2∂2x
)
Az(x, t) +
q2ene(x, t)
me0γe(x, t)
Az(x, t) = 0 . (3)
If the z-polarized seed pulse is weak compared to the y-
polarized driver pulse, the electron density ne and the
electron gamma-factor γe can be considered to be inde-
pendent of the seed pulse which is described by Az. Then,
Eq. (3) is linear in Az and thus we can expect a linear
scaling of the sub-cycle electric field with the seed pulse
electric field.
On the other hand, the conservation of the trans-
verse canonical momentum can be used to derive Eq. (1)
describing the energy density gain of the seed pulse
co-propagating with the non-stationary electron density
structure [17].
Particle-In-Cell simulation set-up
All the 2D and 3D Particle-In-Cell (PIC) simulations
were performed with the high-performance open-source
code SMILEI [34]. For the electromagnetic fields, we
have employed the Yee scheme in Cartesian coordinates
and the Silver-Mu¨ller boundary conditions. The longi-
tudinal mesh-size δx = 16 nm, the transverse mesh size
δy = 32 nm and a temporal step δt = 47 as were used in
2D. Here, we assumed translational invariance along the z
direction. In 3D, the longitudinal mesh-size δx = 16 nm,
the transverse mesh sizes δy = 32 nm and δz = 32 nm
as well as a temporal step δt = 42 as were used. For
the electrons, we have employed the relativistic Boris
pusher, while the ions were assumed to be fixed. The
initial plasma profile in most simulations was assumed
as a flat-top of density ne, while we have checked that
the results were not significantly affected by the presence
of density ramps or the use of Gaussian density profiles.
In 2D, we have initialized 100 macro-particles per cell. In
3D, the number of macro-particles per cell was reduced
to 10.
Definition of the injected laser and seed pulse
A y-polarized driving laser pulse and a z-polarized seed
pulse are injected to propagate along the x direction and
are defined by their transverse electric field components
Ey,L and Ez,S, respectively, at the entrance of the gas-jet
according to
Ey/z,L/S(r⊥, t) = E0,L/Se
− y2+z2
r2
0,L/S sin
(
ωL/St+ φL/S
)
fL/S(t) ,
(4)
with the amplitudes E0,L/S, beam waists r0,L/S, angular
frequencies ω0,L/S, phases φS and φL = 0. For the driver
laser and the seed in the pulsed case we use an envelope
of the form
f(t) = exp
(
−2 ln(2) t
2
t20
)
. (5)
The algorithm which is presented in [35, 36] is used in or-
der to obtain the laser electric fields according to Eq. (4)
at the entrance of the gas jet in the PIC simulations.
Density scan
For the density scan of Fig. 3(b), the simulation pa-
rameters have been chosen as E0,L = 100 GV/cm (a0,L =
2.5), λL = 0.8µm, t0,L = λpe/2, φL = 0, r0,L = 0.83λpe,
E0,S = 0.04 GV/cm, λS = 0.8λpe, t0,S = ∞ (CW),
φS = 0, r0,S = λpe, Lp = 6λpe.
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